Abstract-The ovarian follicle that contains one single oocyte is the fundamental functional tissue unit of mammalian ovary. Therefore, isolation and in vitro culture of ovarian follicles to obtain fertilizable oocytes are regarded as a promising strategy for women to combat infertility. In this communication, we performed a brief survey of studies on microfluidic encapsulation of ovarian follicles in core-shell hydrogel microcapsules for biomimetic 3D culture. These studies highlighted that recapitulation of the mechanical heterogeneity of the extracellular matrix in ovary is crucial for in vitro culture to develop early pre-antral follicles to the antral stage, and for the release of cumulus-oocyte complex (COC) from antral follicles in vitro. The hydrogel encapsulation-based biomimetic culture system and the microfluidic technology may be invaluable to facilitate follicle culture as a viable option for restoring women's fertility in the clinic.
INTRODUCTION
According to the national survey of family growth conducted by the Centers for Disease Control and Prevention (CDC), impaired reproduction or fertility due to compromised ovarian function affects~11% (or 6.7 million) of reproductive-age women in USA. 8 The ovary is a critical organ of the female reproductive system and the ovarian follicle is the fundamental functional tissue unit of mammalian ovaries. For humans, it has been long recognized that females are born with a maximum number (~10 6 ) of follicles that not only are non-renewable but also degenerate over time 4, 7, 27, 40, 62 : Less than~30% of the follicles can survive to puberty, and it continues to decline during adulthood (particularly after~35 years old) to the point of extinction at~50 years old. Therefore, infertility is a headache for professional women who want to delay childbearing. Moreover, many women are infertile either because of genetic ovarian disorders, or due to exposure to environmental/occupational hazards and/or aggressive medical treatments (e.g., radiation and chemotherapy) that compromise the ovarian function. 3, 14, 18, 25, 35, 37, 47, 57 Banking ovarian tissue containing healthy follicles by cryopreservation for future orthotopic transplantation has been investigated to preserve the fertility of women. This approach, however, entails the risk of re-introducing malignant cells (e.g., circulating tumor cells in the blood of ovary or primary ovarian cancer cells) back into patients. 19, 26, 42, 50 Another option is to treat the ovary first with exogenous follicle stimulating hormone (FSH) to over-stimulate the follicle growth, and then with exogenous luteinizing hormone (LH) to induce superovulation of the follicles and release oocytes. The oocytes are often further in vitro fertilized (IVF) to obtain embryos for cryopreservation to preserve fertility, because oocytes are more difficult to cryopreserve than embryos. 21, 44, 45, 65 However, embryo cryopreservation may not be suitable for women without partners or younger women who survive cancer therapies, and can be associated with significant legal, moral, ethical, and religious issues. 15, 20, 41, 56, 58, 59, 72 Moreover, the multiple hormonal treatments can both delay the treatment of malignant diseases and create a risk for some patients with hormone-responsive diseases. 60 To resolve the aforementioned challenges, isolation of ovarian follicles for in vitro culture has been regarded as a promising strategy to restore female fer-tility. Pre-antral follicles have been plated in a small drop of medium immersed in biocompatible oil on the 2D flat bottom surface of Petri dish for culture. 16, 38, 54 As recently demonstrated in mice, 67 pre-antral follicles have also been cultured in homogeneous 3D hydrogel of alginate. This technique has now been applied to many species including nonhuman primates 70, 71 and women. 66, 68 In mice, an interpenetrating network of alginate and fibrin has been shown to be a better system than that of alginate alone because the degradation of fibrin over time allows the expansion of the growing pre-antral follicles during culture with reduced resistance, 36, 51, 52, 69 which mimics the soft medullary region in the ovary. 63, 64 Inspired by studies on culturing embryonic stem cells to form embryoid body, a recent study reported in vitro culture of murine preantral follicles in hanging drops and found the hanging-drop method is better than the conventional 2D and even the homogeneous 3D alginate hydrogel culture systems, in terms of preventing premature oocyte release and follicle degeneration. 61 This could be attributed partially to the nearly zero resistance to the growing follicles in the fluidic hanging drops of culture medium. However, none of these culture systems recapitulate the native milieu in which the growing follicles span both the harder cortex and softer medulla (i.e., the mechanical heterogeneity) during their development in the ovary in vivo. 6, 10, 28, 46, 64 As schematically illustrated in Fig. 1 , the ovary consists of two distinct layers of tissues 10, 28 : the outer cortex and the inner medulla and the former is much stiffer than the latter. Therefore, efforts have been made recently to produce biomimetic ovarian microtissue that recapitulates the mechanical heterogeneity for biomimetic 3D culture of rodent ovarian follicles, as detailed below.
In this work, we performed a brief survey of studies conducted in our laboratory 1, 10 on microfluidic encapsulation of ovarian follicles in biomimetic ovarian microtissues that recapitulate the mechanical heterogeneity (note: not the exact composition) in the ovarian cortex versus medulla for biomimetic 3D culture of rodent ovarian follicles.
MICROFLUIDIC FABRICATION OF BIOMIMETIC OVARIAN MICROTISSUE
A non-planar poly(dimethylsiloxane) (PDMS) microfluidic device was developed for encapsulating early pre-antral follicle in core-shell microcapsule to generate the biomimetic ovarian microtissue. 10 A schematic top view of the microchannel system is given in Fig. 2a . Figure 2b shows a zoom-in view of the nonplanar design of the flow-focusing junction where W1 9 H1 = 200 9 200 lm, W2 9 H2 = 80 9 300 lm, and W3 9 H3 = 200 9 400, and the corresponding real image (top view) of the flow-focusing junction. The nonplanar microchannel was fabricated using a multilayer (3-step UV exposure) SU-8 fabrication technique. 2 To generate the ovarian microtissue, collagen (and/ or alginate) core solution with individually isolated follicles from deer mice (Peromyscus), sodium alginate shell solution, and the emulsion of mineral oil and aqueous calcium chloride solution were injected into the device from the I-1, I-2, and I-3 inlets, respectively. At the flow-focusing junction, the aqueous core and shell solutions were pinched into droplets by the oil emulsion flow due to the Rayleigh-Plateau instability. 23, 32, 49 Sodium alginate solution in the shell was crosslinked (i.e., hardened) to form calcium alginate hydrogel by the aqueous calcium chloride solution in the oil emulsion once they are in contact, but mainly during traveling in the downstream serpentine channel. 2, 29 The aqueous core flow is arranged in the center of alginate shell flow both horizontally and vertically (Figs. 2a and 2b). Furthermore, a dispatching channel shortly at the upstream of the flow-focusing junction was designed to increase the distance between neighboring follicles by injecting the same solution as the core fluid via the I-4 inlet (Figs. 2a and 2b). With a dispatching flow rate of being 60% (k) of the core flow rate, it is possible to encapsulate one follicle in each microcapsule or microtissue with high efficiency (>97%). 10 Because it is time consuming, ineffective, and cell damaging to extract the ovarian microtissue dispersed in the oil emulsion off chip by multiple centrifugation (in oil emulsion) and washing (in culture medium), 31, 34 an extraction channel at the downstream of the serpentine channel (Fig. 2a) was further designed to achieve efficient on-chip extraction of the microtissue from the oil emulsion into an isotonic aqueous solution. This is done by introducing an aqueous flow of the isotonic extraction solution through inlet I-5 into the extraction channel so that the channel is partially (half-half) occupied by the oil emulsion and aqueous extraction solution with a stable interface between them. 31, 34 As the Reynolds number for the microfluidic flow is much less than one (~0.1), the movement of microparticles is dictated by viscous force and the microtissue would travel along with the oil emulsion if undisturbed. 5, 13, 17 To extract the microtissue from oil into the aqueous extraction solution, an expansion design was used for the extraction channel that is narrow (400 lm) at the beginning part (Fig. 2c) and wide (800 lm) at the end (Fig. 2d) . Because the diameter of the microtissue is~350 lm that is only slightly less than the width (400 lm) of the extraction channel at its entrance, the gelled/hardened microtissue is forced to penetrate through the oil-water interface and partially immersed in the aqueous extraction solution once it enters the extraction channel (Fig. 2c) . Since the interfacial tension between the microtissue (hydrophilic) and oil (hydrophobic) is high while it is nearly zero between the microtissue and aqueous extraction solution (hydrophilic), the microtissue should experience an unbalanced force due to the difference in interfacial tension on its surface. 31, 34 Consequently, the microtissue can be pushed away from the oil emulsion into aqueous extraction solution further downstream in the extraction channel as the channel width increases (Figs. 2c and 2d) . The expansion design at the exit also makes it more convenient to collect the microtissue by allowing them going straight into a 500 lm of aqueous channel to exit from O-1, while the oil flow turns into a side channel to exit from O-2 (Fig. 2d) . 
DEVELOPMENT OF EARLY PRE-ANTRAL FOLLICLES UNDER 3D CULTURE IN BIOMIMETIC OVARIAN MICROTISSUE
The biomimetic ovarian microtissues were cultured in ovarian stromal cells-conditioned medium 9 in 96-well plate (one in each well) for observing their development. The conditioned medium was made by incubating ovarian stromal cells isolated from one Peromyscus ovary in a 60 mm culture dish with 5 mL of a-MEM-glutamax medium supplemented with 10% (v/v) heat-inactivated FBS and 1% (v/v) penicillinstreptomycin solution, at 37°C in 5% CO 2 air for 2 days. The procedure was repeated once to obtain a total of 10 mL of the medium, which was further supplemented with 5 lg/mL insulin, 5 lg/mL transferrin, 5 ng/mL selenium, and 100 mIU/mL recombinant human follicle stimulating hormone (FSH) to produce the ovarian stromal cell-conditioned medium (CM) for further use. The ovarian stromal cells were isolated by dissociating the cells from the Peromyscus ovary using trypsin and type I collagenase at 37°C, filtering through a 40 lm filter, centrifuging at 390 g, and culturing in a 60 mm dish in 5 mL of DMEM supplemented with 10% FBS and 1% penicillin/ streptomycin at 37°C in 5% CO 2 air for 20 h. 9 Typical images showing an early secondary pre-antral follicle in the biomimetic ovarian microtissue with a 0.5% collagen (Col) core and 2% alginate (Alg) shell on day 0 and its development to the antral stage are given in Fig. 3a . The fibrous collagen core enclosed in the alginate shell is evident, which is further confirmed by scanning electron microscopy (Fig. 3b) . 1, 10 The defining feature of an antral follicle is that it contains a cumulus-oocyte complex (COC) inside a fluid-filled antral cavity (day 9, Fig. 3a) . The mechanical properties (elastic modulus) of the various core and shell materials in the various ovarian microtissues generated for culturing the early pre-antral follicles are shown in Fig. 3c . The modulus of regular alginate as the shell material was constantly more than 10 times higher than that of all core materials. The modulus of oxidized alginate (O-Alg) decreases with culture time and after~7 days, it is similar to the highest modulus of the core materials.
Quantitative data on the development of the early pre-antral follicles to the antral stage, both under miniaturized 3D culture in the various ovarian microtissue made of the different core (gray) and shell (blue or red) materials and under 2D culture, are shown in Fig. 3d . No antral follicles developed under 2D culture. For 3D culture, the core/shell materials significantly affect the development. A 0.5% collagen (with no alginate) core together with a 2% alginate shell results in the highest development. Moreover, the culture condition with 0.5% collagen (0% alginate) as the core together with a 2% oxidized alginate shell gives 0% development. These data indicates the crucial role of mechanical heterogeneity in regulating the follicle growth, as the only difference between the regular and oxidized alginate is that the modulus of the latter decreases to that similar to the core materials iñ 7 days (Fig. 3c) . In addition, the development in the microtissue (2% alginate shell) with less collagen (0.1%) is not as good as that in the microtissue with more collagen (0.5%), suggesting that sufficient cell adhesion in the extracellular matrix is also important for follicle development.
Production of estradiol is an important molecular event accompanying follicle development to the antral stage. As shown in Fig. 3e , culturing early secondary pre-antral follicles in the optimal microtissue with a 0.5% collagen core and 2% alginate shell produces significantly more estradiol than the second best (according to the percentage of follicle development to the antral stage, Fig. 3d ) culture condition with a 0.5% collagen + 0.5% alginate core and 2% alginate shell. These data further demonstrate the crucial role of mechanical heterogeneity in regulating the follicle function and growth at the molecular level.
RELEASE OF COCS FROM ANTRAL FOLLICLES DEVELOPED FROM EARLY PRE-ANTRAL FOLLICLES VIA BREAKING THE CORTEX FOR OBTAINING FERTILIZABLE OOCYTES
As illustrated in Fig. 1a , following development to the antral stage in vivo is the event of ovulation, a delicate physicochemical process that results in the release of a COC from each mature follicle. Although the exact mechanisms that regulate the ovulation process are still not fully understood, it is well accepted in contemporary literature that ovulation is triggered by the surge of luteinizing hormone (LH) from the pituitary gland. This LH surge activates a cascade of epidermal growth factor (EGF) mediated signaling pathways to induce luteinization of granulosa cells and expansion of cumulus cells, which is necessary for the release of the COC out of the follicle and ovary. 22, 24, 43, 48, 53, 73 With this in mind, 6 out of the 17 antral follicles obtained by culturing early secondary pre-antral follicle in the microtissue with a 0.5% collagen core and 2% alginate shell (Fig. 3d) were treated with LH and EGF (LH + EGF + ), leaving the remaining 11 antral follicles without LH or EGF treatment (LH 2 EGF 2 ). Fewer antral follicles were used for the LH + EGF + group because according to the conventional theory, the probability of ovulation from this group should be much higher than that for the LH 2 EGF 2 group. A typical image showing the release of a COC from the biomimetic ovarian microtissue via breaking apart the cortex (i.e., the alginate hydrogel shell) and leave behind presumably a corpus luteum-like structure is given in Fig. 4a . It is worth noting that this is the first study that achieved the release of COC in vitro in a biomimetic fashion via breaking apart the cortex-like hydrogel shell. Unexpectedly, only 1 out of the 6 antral follicles treated with LH and EGF released COC while the release of a COC was observed for all the 11 antral follicles without LH or EGF treatment (Fig. 4b) . Of note, all the antral follicles were highly viable, 1,10 and the antral follicles were treated for the release of a COC with the well-established dose of LH and EGF. 22, 24, 43, 48, 53, 73 Interestingly, only 1 out of 3 antral follicles obtained from culturing early pre-antral follicles in the sub-optimal microtissue with a 0.5% alginate core and 2% alginate shell released COC under the LH 2 EGF 2 culture. These data suggest the crucial role of mechanical heterogeneity in the ovary in regulating the release of COC and possibly ovulation although further characterization studies such as those reported in the literature 55 are need to confirm the latter. These results support the hypothesis that mechanical properties of the extracellular matrix, i.e., rigidity, regulate follicle selection and/or health, and are consistent with the literature suggesting that disruption of the normal physical microenvironment in the ovary may cause ovarian disorders such as premature ovarian failure (POF) and polycystic ovary syndrome (PCOS). In vitro maturation (IVM) of the COCs was further performed using an optimized protocol that we developed by adding both leukemia inhibition factor (LIF) and epidermal growth factor (EGF) into the conventional medium for the IVM of the COCs. 11, 12 Although none of the oocytes in the COCs from the sub-optimal culture conditions developed to the metaphase II (MII) stage, 5 MII oocytes out of 11 COCs (45.5%) were obtained by culturing early pre-antral follicles in the optimal biomimetic ovarian microtissue with a 0.5% collagen core and 2% alginate hydrogel shell. A typical image of the MII oocytes is given in Fig. 4c , showing its characteristic meiotic spindles in the cytoplasm and first polar body. Moreover, the MII oocytes obtained by the biomimetic culture of early pre-antral follicles and IVM of the COCs could be further activated to obtain 2-cell stage embryo (Fig. 4d) . 1 In other words, fertilizable MII oocytes can be obtained by culturing early pre-antral and possibly primary follicles in the biomimetic ovarian microtissue.
OUTLOOK OF FUTURE DIRECTIONS
Future research on this topic may be in the following three directions: First, the microfluidic device shown in Fig. 2 can only be used to extract all microcapsules (including empty microcapsules) from oil emulsion into aqueous extraction solution on chip with no selectivity for the biomimetic ovarian microtissue. As a result, the few (often <~100) biomimetic ovarian microtissues are buried in thousands of empty microcapsules and it is difficult to find the microtissues for retrieval manually off chip. Consequently, the retrieval efficiency is often less than~50% even after hours of search. This low efficiency and tediousness may not be acceptable in the clinic and it is desired to improve the retrieval efficiency to more than 90% without tedium. Therefore, it is important to further develop the microfluidic device with the capability of selectively extracting the biomimetic ovarian microtissues on chip without any labeling, to achieve high retrieval efficiency of the microtissues and eliminate the need of manual search. For example, this could be done by integrating an optical or electrical sensor in the microfluidic device to detect the follicle-laden microcapsules for extraction, based on the possible difference in optical and electrical properties between ovarian follicles and the encapsulating hydrogel. It is worth noting that the microfluidic device should be cost effective without the need of expensive/specialized instrument for its wide application. Second, the aforementioned pioneering studies reveal the crucial role of mechanical heterogeneity in regulating the development of ovarian follicles. 1, 10 However, the percentage of development to the antral stage is still not high, indicating the design of the biomimetic ovarian microtissue needs further development. For example, the materials for making the core and shell of the microtissue could be further optimized in terms of their compositions and physicochemical properties in mimicking the ovarian medulla and cortex. Furthermore, the biomimetic ovarian microtissues should be tested using follicles of primates and humans to ascertain their superiority to the conventional 2D and 3D culture approaches for facilitating follicle development and ovulation.
Lastly, our recent studies reveal that alginate hydrogel microencapsulation is exceptional in not only inhibiting ice formation during cooling, but also suppressing devitrification (i.e., forming ice in vitrified solutions) and the growth of ice crystals during warming. 30, 33, 74 Therefore, biomimetic ovarian microtissues with an alginate hydrogel shell could improve the outcome of follicle cryopreservation that is important for the long-term preservation of women's fertility, which is worthy of further investigation. This is because most follicles from (at least) young cancer survivors will need to be extracted from cryopreserved ovarian tissue, or from isolated follicles that are then cryopreserved should this prove to be a more successful option.
CONCLUSIONS
In summary, modern nonplanar microfluidic technology was successfully utilized to produce biomimetic ovarian microtissue that could recapitulate the mechanical heterogeneity in the extracellular matrix of ovarian tissue. This mechanical heterogeneity was found to play a crucial role in regulating follicle growth. With further development, the nonplanar microfluidic technology and biomimetic ovarian microtissue system could be valuable for facilitating follicle culture and preservation as a feasible option of assisted reproduction to restore women's fertility in the clinic.
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